We have surveyed Kepler's supernova remnant in search of the companion star of the explosion. We have gone as deep as 2.6 L in all stars within 20% of the radius of the remnant. We use FLAMES at the VLT-UT2 telescope to obtain high resolution spectra of the stellar candidates selected from HST images. The resulting set of stellar parameters suggests that these stars come from a rather ordinary mixture of field stars (mostly giants). A few of the stars seem to have low [Fe/H] (< -1) and they are consistent with being metal-poor giants. The radial velocities and rotational velocities v rot sin i are very well determined. There are no fast rotating stars as v rot sin i < 20 km s −1 for all the candidates. The radial velocities from the spectra and the proper motions determined from HST images are compatible with those expected from the Besançon model of the Galaxy. The strong limits placed on luminosity suggest that this supernova could have arisen either from the core-degenerate scenario or from the double-degenerate scenario.
INTRODUCTION
The supernova of 1604, observed by Johannes Kepler and other European, Korean, and Chinese astronomers, is one of the five "historical" supernovae that have been classified as belonging to the Type Ia (thermonuclear), the other four being SN 1572 (Tycho Brahe's SN), SN 1006, SN 185 (supposed to have created the remnant RCW86) and the recently discovered youngest SNIa G1.9+03 that occurred in our Galaxy as recently as around 1900 but was not discovered due to dust exctinction and being only observable from the Southern hemisphere. As it is well known, Type Ia SN (SNe Ia) are well explained by the thermonuclear explosion of a mass-accreting C+O white dwarf star (WD), a member of a close binary system, the mass donor being the other component of the system. There are three proposed channels to bring the WD to the point of explosion, depending on the nature of the companion star. In the singledegenerate channel (SD), the companion is a still thermonuclearly evolving star (Whelan & Iben 1973; Nomoto 1982) , in the double-degenerate (DD) channel it is another WD, either a C+O WD or a He WD (Iben & Tutukov 1984; Webbink 1984) . Another possible channel, known as the core-degenerate scenario (CD), involves a C+O WD that merges with the core of an Asymptotic Giant Branch (AGB) star, following a common-2 envelope episode (Livio & Riess 2003; Soker, García-Berro & Althaus 2014; Aznar-Siguán et al. 2015) . Significant progress has been done in the identification of progenitors of Type Ia supernovae (hereafter SNe Ia). For instance, there has been proof of an specific scenario that works to give rise to SNe Ia. This is the double detonation scenario studied theoretically by Fink et al. (2010) ; Sim et al (2012) and others. In this scenario, the CO WD accumulates a helium-rich layer on in its surface. The detonation of the helium-rich layer ignites the CO WD. This seems to be the explosion mechanism involved in MUSSES1604D (Jiang et al. 2017 ) and similar events. A He WD companion seems to be favored. The donor He-rich WD might survive in particular cases studied by Shen & Schwab (2017) . However, the observed double detonation scenario, as seen from the effect in the very early light curves of the SNe Ia, can not account for more than a small percentage of the SNe Ia observed (Jiang et al. 2017) . Another possible path to SNe Ia is the WD-WD collision. In this new DD path, no surviving companion is expected. A study of this mechanism to give rise to SNe Ia shows that would account for < 1% of the observed events (see Soker 2018 for an overview). So, mainly in the single degenerate scenario, a surviving companion should remain after the explosion. There is no surviving companion, but merging of the two components of the system in the DD scenario and in the CD scenario. On the contrary, in the SD channel, the companion star should survive the SN explosion. A surviving companion might be identified from its kinematics (large radial velocity and/or proper motion, fast rotation), anomalous luminosity, or contamination of its surface layers by the SN ejecta (Wang & Han 2012 ; Ruiz-Lapuente 2014 review those effects). Detailed simulations can be found in Marietta, Burrows & Fryxell (2000) ; Podsiadlowski (2003) ; Pakmor et al. (2008) ; Pan, Ricker & Taam (2012 ,2014 ; Liu et al. (2012 Liu et al. ( , 2013 ; Shapee, Kochanek & Stanek (2013) ; Shen & Schwab (2017) . We will compare observations with their predictions. The central regions of the SNR of Tycho SN (Ruiz-Lapuente et al. 2004; González Hernández et al. 2009 ; Kerzendorf et al. 2009 Kerzendorf et al. , 2013 Bedin et al. 2014 ) and of SN 1006 (González Hernández et al. 2012; Kerzendorf et al. 2012 Kerzendorf et al. , 2018 have already been explored, to search for a possible surviving companion of the SN, as well as extragalactic remnants like SNR 0509-67.5 (Schaefer & Pagnotta 2012) , SNR 0509-68.7 (Edwards et al. 2013) , and N103B (Pagnotta & Schaefer 2015; Li et al. 2017) . Studies of other SNRs are in progress or have been proposed. Through comparison of the work done by various authors in those SNR, the double degenerate scenario seems favored in several SNe Ia. The classification of Kepler SN, SN 1604, as a SN Ia was a matter of debate for a long time, some authors classified it as a core-collapse SN, in spite of its position, quite above the Galactic plane. The question has been settled by X-ray observations of the remnant (Cassam-Chenaï et al. 2004) , showing an O/Fe ratio characteristic of SNe Ia (Reynolds et al. 2007 ). There are indications (Vink 2008 ) that one component of the binary system giving rise to the SN might have created a detached circumstellar shell with a mass ∼ 1 M , expanding into the interstellar medium. More recently, Katsuda et al. (2015) have deduced that the shell should have lost contact with the binary years before the explosion. It has been suggested (Chiotellis et al. 2012; Vink 2016 ) that the companion star was an AGB star having lost its envelope at the time of the explosion. The distance to the remnant has also been the object of discussion, the estimates ranging between 3 and 7 kpc. Thus, Reynoso & Goss (1999) , based on the HI absorption towards the remnant, estimated 4.8 < d < 6.2 kpc. Later, Sankrit et al. (2005) , from the proper motion of the optical filaments, found d = 3.9 +1.4 −0.9 kpc. But very recently, Sankrit et al. (2016) have revisited their method and give d = 5.1 +0.8 −0.7 kpc. Even more recently, Ruiz-Lapuente (2017) , from the reconstruction of the optical light curve of the SN based on the historical records, also infers a distance d = 5.0±0.61 kpc, in agreement with Sankrit et al. (2016) . We thus adopt here a distance d ∼ 5.0± 0.7 kpc to Kepler SN. For that distance, given the Galactic latitude of the SNR, b = 6.8 o , it lies 590 pc above the Galactic plane. The aim of the paper is to address the progenitor system that led to Kepler's supernova, SN 1604. A first paper on the possible progenitor of the Kepler supernova suggested a marginal possibility that there was a donor, but only tentatively (Kerzendorf et al. 2014, K14 hereafter) . At that time, the Hubble Space Telescope (HST) proper motions were not analysed and the stellar parameters of the stars were unknown. Here we provide a complete analysis of a survey using the FLAMES instrument at the SN ESO VLT-UT2 and we add all the proper motion information from HST with a baseline of 10 years. The present paper is organized as follows. Section 2 describes the search in Kepler and what can be obtained from it. Section 3 describes the observations done with the VLT using the FLAMES instrumentation and the reduction of those observations. It presents, as well, the proper motions obtained from data from the HST archive, from programmes GO-9731 and GO-12885 (P.I: Sankrit) . Section 4 presents the method used to derive the stellar parameters and the results. Section 5 presents the estimated distances to the stars, and discusses the radial velocities obtained, comparing them to those in previous studies. Section 6 compares the candidate stars with a kinematical model of the Galaxy. Section 7 discusses the results and Section 8 provides a summary of the conclusions.
SURVEY FOR THE PROGENITOR OF SN 1604
Our survey has a limiting apparent magnitude m R = +19 mag. The visual extinction A V , in the direction to the remnant of Kepler's SN is A V = 2.7±0.1 mag, and A R /A V = 0.748. Thus, we have reached down to an absolute magnitude M R = +3.4 mag. That corresponds to a luminosity L = 2.6 L . For the spectroscopic observations we used FLAMES (Pasquini et al. 2002) mounted to the UT2 of the VLT. For the measurement of the proper motions, we used archival data from the HST. As a comparison, Kerzendorf et al. (2014) performed a shallower survey of possible survivors down to L > 10 L , according to them ( L > 6 L , if we take our reliable newly determined distance to SN 1604). The remnant of SN 1604 has an average angular diameter of 225 arcsecs. Our survey is complete down to m R ≤ 19 within 24 arcsecs of the center of the SNR ( 20% of its radius: blue circumference in (Figure 1a) , at α J2000 = 17 h 30 m 41 s .25, δ J2000 = -21 o 29' 32".95 (Vink 2008) . Additional fibers were used to extend the search beyond 20% of its radius (the green circumference encompasses 38 arcsec of the radius), although the supplementary stars are not very relevant, due to their distances to the center of the SNR. The radius of the search area of 24 arcsec, at a distance of 5 kpc, corresponds to a transversal displacement from the center of the SNR by 0.58 pc. That is the path that a possible companion star would have travelled in 400 yr, moving at v = 1460 km s −1 perpendicularly to the line of sight. A total of 32 stars were observed. They are listed, with their coordinates, in Table 1 . While preparing the final version of this work, a new analysis of the X-ray knots of the Kepler SN by Sato & Hughes (2017) has provided as a result new estimates of the expansion center. Both are very close to the center that we used, by Vink (2008) , thus it does not impact the results of the stars included in our search. There is an estimate that does not take into account a possible deceleration of the knots. This places the center at α J2000 = 17 h 30 m 41 s .189 ± 3.6 s and δ J2000 = -21 o 29' 24".63 ± 3.5". The center that takes into account a deceleration coincides practically with that of Vink (2008) . The newly determined center taking into account a model for the deceleration of the knots is α J2000 = 17 h 30 m 41 s .321 ± 4.4 s and δ J2000 = -21 o 29' 30".51 ± 4.3". We include these new two centers in our Figure 1a . We include our search area in relation with the whole SNR in Figure 1b . K14 explored the central region of Kepler's SNR. The search has been photometric and spectroscopic, covering a square field of 38"x 38" around the center of the SNR determined by Katsuda et al. (2008) , down to m V 18 mag. They have used, for their spectroscopy, the 2.3m telescope of the ANU, and for the photometry archival HST images. The WiFeS-spectrograph is an image slicer with 25 38X1" slitlets and 0.5" sampling in the spatial direction on the detector. They chose this instrument for its large field of view. However, that instrumentation did not allow to determine the stellar parameters. Apparently they noted that, due to sky subtraction errors, the continuum placement in their data was unreliable. Without determined stellar parameters, it is not possible to estimate distances, because the absolute magnitudes of the stars then remain unknown. They also had problems to estimate rotational velocities to better than 200 km s −1 , due to the resolution and quality of the spectra (K14).
Here, we present a study that includes the stellar parameters, T eff , log g and [Fe/H]), and we Figure 1a . The targeted stars, in an image from the HST. Our adopted center of Kepler's SNR, at α J200 = 17 h 30 m 41 s .25, δ J2000 = -21 o 2' 32".95, is marked with a blue cross. We also provide the undecelerated (UKC, green) and decelerated (DKC, magenta) kinematic centers from Sato & Hughes (2017) . The big (solid line) blue circle corresponds to a radius of 24 arcsec around the center SNC of the SNR, where our primary targets are located. The big (dashed) blue circle (of 38 arcsec) around SNC encompasses our supplementary targets (see text), and similarly for the circles around UKC and DKC. Figure 1b . Chandra X-ray image in the iron-rich 0.7-1.0 keV (Reynolds et al. 2007; Vink 2008 ) of the SN 1604, with the regions of search and labels in Figure 1a . also have rotational velocities and radial velocities, apart from the proper motions from HST. The conclusion on the supernova companion is thoroughly tested.
OBSERVATIONS

Spectral observations and reductions
Spectroscopic observations were secured with the multiobject spectrograph FLAMES (Pasquini et al. 2002) mounted at the Very Large Telescope (VLT) of the European Southern Observatory. Observations were made in the Combined IFU/7-Fibre simultaneous calibration UVES mode (Dekker et al. 2000) and Giraffe using the HR9 and HR15n settings under ESO programme ID 093.D-0384(A). The observations with UVES and Giraffe were done under clear sky and seeing conditions ranging from 0.78 to 1.88 arcsec (average of 1.28) from August 3rd to 25th 2014. FLAMES is the best instrument to use for our purpose, in particular Giraffe-IFU, since it provides the possibililty to observe within a very small field (24 and 38 arcsec in radius, blue and green circumferences in Figure 1 ) 32 targets to be obtained at the highest possible resolution and to minimize the requested observing time. 15 observing blocks (OBs) of 1 hour were prepared. Other modes of Giraffe as MEDUSA are not adequate for the amount of targets within a small circle of 24 arcsec (see Figure 1a as well as the separation between targets). Observations of stars T2, T8, T25, T27, T29, and T30 were carried out with UVES using standard settings for the central wavelength of 580 nm in the red (covering from 476 to 684 nm with a 5 nm gap at 580 nm, and includes the Hα feature). Giraffe observed stars T01-T031 (except stars T25, T27, T29 and T30) with both settings HR15n with central wavelength 665 nm in the red (covering from 647 nm to 679 nm) and HR9 with central wavelength 525.8 nm (covering from 509.5 nm to 540.4 nm). From the abovementioned, we notice that stars T2 and T8 were observed both by UVES and Giraffe, providing a reliability test of these observations.
UVES observations and reductions
With an aperture on the sky of 1 arcsec, the fibers project onto five UVES pixels in the dispersion 6 direction, giving a resolving power of ∼47000, enough to determine not only the radial and rotational velocities but the atmosphere parameters effective temperature, surface gravity and metallicity, T eff , log g, and [Fe/H], of the stars. The UVES reductions were done using the UVES pipeline version 5.5.2
10 . Once individual spectra had been calibrated in wavelength, we corrected the spectra for the motion of the observatory to place them in the heliocentric reference system. Finally, we co-added the different exposures for each star by interpolating to a common wavelength array and computing the weighted mean using the errors at each wavelength as weights.
Giraffe observations and reductions
The Giraffe data were reduced using the dedicated ESO Giraffe pipeline, version 2.15 10 and Giraffe Reflex workflow (Freudling et al. 2013) , and calibration data provided by the ESO Science Archive Facility CalSelector tool. The obtained resolving power is ∼ 28000 for the HR9 grating and ∼ 30600 for the HR15n. In most cases the default pipeline parameters resulted in a successful reduction, but in several the parameters of the flat field processing recipe had to be adjusted in order to achieve a successful reduction. In two cases it was not possible to find a set of parameters which allowed a successful reduction of the flat field, and in these cases the next nearest-in-time, successfully reduced flat was used instead. Each individual science observation data file was corrected for cosmic-ray hits using a purpose written Python script based on the Astro-SCRAPPY 11 (Pasquini et al. 2002) Python module. The cosmic-ray corrected science data files were processed individually with bias subtraction, flatfielding and wavelength calibration performed in the standard way by the pipeline and Reflex workflow. Subsequent reduction was then also performed in purpose written Python scripts. A sky spectrum was then calculated for each science data file as the median of all individual skyfibre spectra available in the file, typically 15 sky spectra. The resulting median sky-spectrum was then subtracted from the spectrum extracted for each IFU fibre. As each star was observed with an IFU, its signal was thus distributed over several individual fibres, each of which is individually reduced and extracted by the pipeline. The S/N of each spectrum of a given IFU was then computed using the DERsnr algorithm 12 , and the total signal for each star resulting from a single observation was then computed as the sum of the signal from N highest S/N spectra, which maximised the S/N of the summed spectrum. Each star in the sample was observed one to four times, depending on brightness. We checked that the spectra did not differ at different dates. The final spectrum for each star was then computed as a mean of the several dates. The wavelength scale of the resulting summed spectra for each star was then corrected to the heliocentric reference system.
Proper motions
To derive proper motions we used data from two HST programs collected at two epochs separated by almost 10 years. The first epoch is the data-set from GO-9731 (PI: Sankrit), and it was collected in August 28-29 2003 with the Wide Field Channel (WFC) of the Advanced Camera for Surveys (ACS). The images are in three narrow-band filters F502N, F660N, F658N, and in one medium-band filter, F550M. The second epoch is from GO-12885 (also PI: Sankrit), and it was collected in July 1-3 2013 with the UV-VISual Channel (UVIS) of the Wide Field Camera 3 (WFC3). The images are in F336W, F438W, F547M, F656N, F658N, and in F814W. We refer here to Table 2 for more details. To derive proper motions we used 28 images in each of the two 10-year apart epochs. In Table 2 we give a log of the used images. As the charge transfer efficiency (CTE) losses have a major impact on astrometric projects (Anderson & Bedin 2010) , in this work every single AC/WFC and WFC3/UVIS image employed was treated with the pixel-based correction for imperfect CTE developed by Anderson & Bedin (2010) . The improved corrections are directly included in the MAST dataproducts 13 . Raw positions and fluxes were extracted in every image using the software and the spatially variable effective point spread functions (PSFs) produced by Anderson & King (2006) . All libraries PSFs for both ACS/WFC and WFC3/UVIS are publicly available 14 . The raw positions were then corrected for the average geometric distortion of these instruments using the prescriptions by Anderson (2002 Anderson ( , 2007 for the ACS/WFC and by Bellini et al. (2009 Bellini et al. ( , 2011 for WFC3/UVIS. The methodology and the procedures followed to derive proper motions were extensively described in a previous work with similar goals (Bedin et al. 2014 ). In the following we give a brief description. We first defined a reference frame with respect to which we will measure all the relative positions. This was built using the four images in filter WFC3/UVIS/F814W from the second epoch, as they have the best image quality and highest number of stars with high signal. In the reference frame we used only relatively bright, unsaturated, isolated stars, and with a stellar profile (the quality fit q described in Anderson et al. 2008) . The positions from all these suitable stars measured in the four F814W images were then transformed into a common distortion corrected reference system and their clipped means taken as the final positions of the reference frame. The field is a relatively dense one, and the final reference frame is made of over 20 000 stars, giving a typical distance of ∼30 pixels to one such reference star. The consistency in the positions of the four F814W images gives a positional accuracy of ∼0.01 pixels for the brightest unsaturated sources; perfectly consistent with the accuracy given in the Bellini et al. (2011) geometric distortion, and as achieved in other work (for example, Bedin et al. 2013) . To calibrate our reference frame we need to derive the astrometric zero points, plate scale, orientation, and skew terms, which are needed to bring its coordinate systems into an absolute astrometric system. To achieve this we used 266 sources in common between our reference frame and the 2MASS catalog (Skrutskie et al. 2006 ). Hereafter our absolute coordinates will be given in equatorial coordinates at equinox J2000, with positions given at the reference epoch of the reference frame, 2013.50. Finally, we note that our absolute accuracy will be the same of the 2MASS catalog, about 0.2 arcsec, while our relative precisons should be much better than that, down to few 0.1 mas. As in Bedin et al. (2014) , we have also produced image stacks, which provide often a useful representation of the astronomical scene. There are 4+6 of such stacks, one per filter/epoch, and they give a critical inspection of the region surrounding each star at any given epoch. We also produced trichromatic exposures for both epochs. As extensively explained in Bedin et al. (2014) , even the best geometric distortion available is always an average solution. There are always deviations from that, typically as large as ∼mas. To remove these residual systematic errors in our geometric distortion, we used the "bore-sight" correction described in detail in Bedin et al. (2014) , which is essentially a local approach (Bedin et al. 2003) . We used a network of at least 15 stars at no more than 500 pixels from target stars, used only stars with consistent positions between the two epochs better than 0.75 pixels, and stars brigher than at least 250 photo-electrons above the local sky.
Note that although most of the field objects are background Galactic bulge stars at ∼ 8 kpc, with an intrinsic dispersion of about ∼ 3 mas yr −1 (e.g., Bedin et al. 2003) , our proper motion precision in the catalogue is significantly superior to this limit. Indeed, motions of the references local net are averaged over N reference stars, implying systematics lowering by the factor ∼ 1/ (N − 1), with N typically ranging in the few hundreds and hardcoded to be at minimum 15. To compute proper motions, we divide the measured displacements of sources between epoch 2 and epoch 1, by the time baseline after having transformed the displacements in the astrometric reference frame provided by the sources in our reference frame and 2MASS. The proper motions are shown in Figure 2 and in Table 3 . The uncertainties were computed as the sum in quadrature of the r.m.s. of positions observed within each of the two epochs. To assess the completeness of the measured sample in our field we calibrated our instrumental magnitudes and then perform artificial star tests. The photometric calibration was performed only in filters ACS/WFC/F550M (narrow V ) and WFC3/UVIS/F814W (wide I) and was obtained following the detailed procedures described in Bedin et al. (2005) . We used the most updated zero points, which were adopted following STScI instructions 15 . The calibrated CMD of the detected sources is shown in left panel of Fig.3 . Artificial star tests were performed as described in great detail in Anderson et al. (2008) for ACS/WFC, and more recently applied to WFC3/UVIS detectors (e.g., Bedin et al. 2015) . Briefly, we built a fiducial line of the "main" Main-Sequence of the galactic field stars as representative for the sources in the field (middle panel of Fig.3) , and add those sources in the individual images, which were reduced in identical manner to the real sources. The ratio between the number of recovered and the inserted artificial stars at variuous instrumental magnitude levels then provide the completness curve, which is shown on right panel of Fig. 3 . We can be reasonably confident that our sample is virtually complete down to m F814W 22.5, and 50%-complete down to ∼23.4. However, completeness has always a statistical value, as individual stars can be missed for several reasons.
STELLAR PARAMETERS
The stellar parameters T eff , log g, and [Fe/H] have been determined, from the spectra obtained with the Giraffe spectrograph in the HR15n setup and from the UVES spectra in the 580nm setup, through the spectroscopic indices defined by Damiani et al. (2014) . The method is based on a set of narrow-band spectral indices, and calibrated stellar parameters are derived from suitable combinations of these indices. Those indices sample the amplitude of the TiO bands, the Hα core and wings, and temperature-and gravitysensitive sets of lines at several wavelength intervals. The latter are the close group of lines between 6490-6500Å, which are sensitive to gravity, and Fe I lines falling within the range covered by the HR15 setup, that are sensitive to temperature. Further gravity-sensitive features are found in the 6750-6780Å region. Two global indices, τ (sensitive to temperature) and γ (gravity-sensitive), are computed from the former ones. A further composite index, ζ, measures stellar metallicity. Tests and calibrations of those indices have been performed (Damiani et al. 2014 ), based on photometry and reference spectra from the UVES Paranal Observatory Project (Bagnulo et al. 2003 ) and the ELODIE 3.1 Library (Prugniel & Soubiran 2001) . The method works well for stars in the approximate temperature range 3,000 K < ∼ T eff < ∼ 9,000 K. The values of T eff , log g, and [Fe/H], with their errors, for our targeted stars, are given in columns 4-9 of Table 4 . There were 4 stars (T17, T19, T25, and T26) whose surface gravities could not be determined in this way, due to the low S/N of their spectra. Their distances are thus left largely undetermined. We know their effective temperatures, however, and so we can estimate the distance depending on the luminosity classes to which they can belong. The resulting set of stellar parameters suggests that the stars come from a rather ordinary mixture of field stars (mostly giants). A few of the stars seem to have low [Fe/H] (< -1), although with large errors; they are all consistent with being metal-poor giants. The radial velocities and the rotational v sin i values are very well determined. Radial velocities were measured from several lines in the spectra of the targeted stars. All spectra gave a clear and narrow peak in the cross-correlation function (CCF) with template spectra. Even when spectral lines are poorly defined, the CCF may be sharply peaked, since all lines add up. Radial and rotational velocities were measured from the CCF, as above, using a set of template spectra covering the relevant T eff range, taken from the Gaia-ESO sample studied in Damiani et al. (2014) ; the template giving the highest CCF peak for each program star was used for the velocity determinations, an approach welltested within the Gaia-ESO Survey. The radial velocities and v sin i values are very well determined and their errors (i.e. uncertainties on CCF peak center and width) lower in percentage than the errors in the stellar parameters. Uncertainties on radial and rotational velocities based on Giraffe data were carefully studied by Jackson et al. (2015) , and found to be dependent on S/N, T eff and v sin i (besides, obviously, of spectral resolution). For the ranges of these parameters relevant to this work, this implies typical uncertainties of 1-2 km/s on radial velocities, and 10-15 km/s on v sin i. T18 is a clear outlier having very fast motion across the line of sight. However, this star is just a cold, M-dwarf, located at around half a kpc away only.
DISTANCES AND RADIAL VELOCITIES
By comparison of the stellar parameters with the observed apparent magnitudes in different bands, the distances to the targeted stars are determined. We use, for that, the isochrones of Marigo et al. (2017) (see Fig. 4 for an example), which
give, for each combination of the parameters T eff , log g, and [Fe/H], the absolute magnitudes M V , M R , M J , M H , and M K . Apparent magnitudes of the stars in our sample are taken from the NOMAD catalog, and compared with the absolute magnitudes in the different photometric bands, taking into account the corresponding extinctions. The results are given in Table  5 . The distances indicated, with their errors, are weighted averages over the different bands. Peculiar radial velocities, as referred to the average velocities of the stars at the same position in the Galaxy, can be one characteristic of a surviving companion of the SN, the excess velocity coming from the orbital motion of the star before the binary system is disrupted by the explosion, plus the kick imparted by the collision with the SN ejecta.
The results are given in the first and second columns in Table 6 , and they are compared with those of K14 for stars common to the two surveys in the third and fourth columns. The velocities are in the heliocentric system. There is good agreement for some stars but not for all of them. In our case, we have two or three spectra of the same star, so we can be sure about the radial velocities and exclude possible binarity of those stars. As an example, we can quote the velocity of our T18, star named A in K14. We measure its radial velocity with an uncertainty of 1-2 km s −1 . The star moves at 42.5 km s −1 , while K14 give -69.07 km s −1 . We will address the point of radial velocities and proper motions as compared to the kinematics of the Galaxy in Section 6.
COMPARISON WITH MODEL KINEMATICS OF THE GALAXY
Being the surviving companion star of a SN Ia means to have a peculiar velocity, referred to the average velocity of the stars at the same position in the Galaxy, due to the orbital motion in the binary progenitor of the SN, plus the kick velocity caused by the impact of the SN ejecta. An estimate of the expected velocities, depending on the type of companion (main-sequence, subgiant, red giant, supergiant) was made by Canal et al. (2001) , and more recently by Han (2008) . The highest peculiar velocities (∼ 450 km s −1 ) would correspond to main-sequence companions and the smallest ones (∼ 100 km s −1 ) to red giants. As the reference for the average velocities of the stars, depending on the location within the Galaxy and on the stellar population considered, we adopt the Besançon model of the Galaxy (Robin et al. 2003) . We have run the model to find the distributions of both radial velocities and proper motions in the direction of the center of Kepler's SNR and within the solid angle subtended by our search, and including all stellar populations. The same model has been taken as the reference in K14. In Figure 5 , the 1, 2, and 3 σ regions of the radialvelocity distribution (in the heliocentric reference system) are shown. We see that the average velocities first steadily increase, with positive values. That corresponds to the differential rotation of the Galactic disc. The dispersion also increases as, given the direction of the line-of-sight, we move from the thin to the thick disc. Then, at a distance of ∼7 kpc, both the slope and the dispersion increase when reaching the Galactic bulge, to start decreasing beyond ∼9 kpc. In the same Figure we compare the measured radial velocities with the distribution predicted by the Besançon model. We see that there is no star significantly deviating from the model distribution. In Figure 6 , the same is done for the proper motions perpendicular to the Galactic plane. In Figure 7 , the same is done for the proper motions in Galactic latitude. We see the same increase in the dispersion as in Figure 5 , when reaching the Galactic bulge. Again, no star is a significant outlier with respect to the theoretical distribution. Without knowing the distances to the targets in Table 5, T18 appears outstanding by its proper motion (total proper motion µ = 50.5 mas yr −1 ), but that corresponds in fact to the short distance to the star, of only 0.6 +0.1 −0.2 kpc. For that distance, the velocity perpendicular to the line of sight is v perp 144 +44 −48 km s −1 , which falls within the range of the model predictions. The same applies to T23, with a proper motion µ = 7.6 mas yr −1 , at a distance of 0.3 Table 7 summarizes the main conclusions about the stars within 10 kpc and shows the parameters in relation to the Galaxy model. K14 note that, according to Blair et al. (1991) and Sollerman et al. (2003) , Kepler's SNR has a systemic radial velocity of -180 km s 1 . As it can be seen from Figure 5 , that lies between 2 σ and 3 σ from the average radial velocity of the stars at ∼ 5 kpc from us, in the direction of the SNR. K14 suggest that a possible surviving companion of the SN should have -180 km s −1 added to the radial velocity component of its orbital motion at the time of the explosion, which would make it more easily identifiable. The systemic velocity of the SNR, however, is that of the exploding WD, which is the sum of the velocity of the center of mass of the system plus the orbital motion of the WD at the time of the explosion. We do not know what the velocity of the center of mass was, and thus we cannot just add those -180 km s −1 .
RESULTS AND DISCUSSION
Concerning theoretical predictions, we can compare our results with the observational features expected from numerical simulations. All groups that have simulated the impact of the ejecta of a supernova on the companion star (Marietta, Burrows & Frixell 2000; Pakmor et al. 2008; Pan, Ricker & Taam 2012 , Liu et al. 2012 , find that the companion star should have survived the explosion and gain momentum from the disruption of the binary system. Their predictions vary on how luminous would the untied companion be, on how much mass would have lost due to the impact of the supernova ejecta, and on how fast it would rotate and move away from the center of mass of the original system. Let us start with the rotational velocities of the post-explosion companions. Liu et al. (2013) did binary population synthesis after performing 3D hydrodynamic simulations of the impact of the ejecta on a main sequence star with different orbital periods and separations from the exploding WD. They obtained the expected distribution of rotational velocities for the surviving companion. It leaves room for a wide range in this parameter, unlike previous assumptions that the postimpacted star should have very high velocities. Pan, Ricker & Taam (2012) also found that angular momentum of the companion would have been lost with the stripped material. In the case of the stars studied in the survey for the companion of SN 1604, all of them have rotational velocities lower than 20 km s −1 . This is not uniquely interpreted as a sign of the absence of companions, though. Concerning the luminosity discussion, there are some differences in the way the surviving companions from the supernova explosion would be. Podsiadlowski (2003) found that, for a subgiant companion, the object ∼ 400 years after the explosion might be significantly overluminous or underluminous relative to its pre-SN luminosity, that depending on the amount of heating and the amount of mass stripped by the impact of the SN ejecta. More recently Shappee, Kochanek & Stanek (2013) have also followed the evolution of luminosity for years after the impact of the ejecta on the companion. The models in which there is mass loss rise in temperature and luminosity peaking at 10 4 L to start cooling and dimming down to 10 L some 10 4 yr after the explosion. Around 500 days after explosion the companion luminosity is 10 3 L . Pan, Ricker & Taam (2012 , 2014 found lower luminosities for the companions than these previous authors. They found luminosities of the order of 10 L for the companions, several hundred days after the explosion. It is interesting to see that they predict, for the surviving companions, effective temperatures, T eff in the range 5000-9000 K. This allows to discard possible candidates below 5000 K in our sample. Only four stars in our sample are at T eff higher than 5000 K (see Table 4 and Table 7 ). T04 has 5545 ± 251 K and log g = 3.8 ± 0.6. The distance is uncertain but consistent with that of Kepler's SN: a distance of 3.3 +2.7 −1.9 kpc. The heliocentric velocity, however, is v = 8.2 km s −1 and the proper motion, very moderate, µ l = 3.75 ± 0.03 mas yr The predictions by Pan, Ricker & Taam (2012 were that 400 yrs after the SN Ia explosion, the luminosities of the companion stars would still be 10 times higher than those before receiving the impact of the ejecta of the SN. They have extended those predictions to main sequence (MS) companion masses down to 0.656 M and He WDs down to 0.697 M (Pan, Ricker & Taam 2014) . We have gone below the luminosities predicted for surviving companions of the kind examined by these authors and the predicted T eff are higher than those found in our sample. They have calculated the post-impact evolution of MS companions and He-WD companions of very low mass at the time of the explosion, and also the post-impact evolution of these companions. The He WDs at the time of the explosion ( Those proper motions would have been detected by the HST astrometry, even for objects fainter than our targets down to m F 814W ∼ 22.5 mag. There are several channels through which WDs could be surviving companions of SN Ia explosions, apart from the He-WDs companion abovementioned. One is dynamically stable accretion on a CO WD from a He-WD or from a lower-mass CO WD (Shen & Schwab 2017) . In that case, a He-shell detonation could induce a core explosion (Shen & Bildsten 2014) . The mass-donor WD might survive. One salient characteristic of those companions is that, due to their extreme closeness to the exploding WD and to their strong gravitational fields, they should capture part of the radioactive material ( 56 Ni) produced by the SN. Shen & Schwab (2017) Fe, for different masses of captured material by WDs of masses between 0.3 M and 0.9 M . The decays, in the physical conditions prevailing at the surfaces of those WDs, drive persistent winds and produce residual luminosities that, 400 yr after the explosion, are higher than ∼10 L in all cases (see Fig. 4 in Shen & Schwab 2017) . Furthermore, the surviving WDs should be running away from the site of the explosion at velocities ∼ 1500-2000 km s −1 . A search for such WD companions has recently been made by Kerzendorf et al. (2018) , in the central region of the remnant of SN 1006, with negative result. We have not detected faint hot surviving WDs moving at high speed. We are at larger distance than SN 1006 and the exploration does not go so deep, though (see our completeness discussion). Another possible channel producing a surviving WD companion is the spin-up, spin-down model (Justham 2011; Di Stefano, Voss & Claeys 2011) : the WD, spun up by mass accretion from the companion star, can grown beyond the Chandrasekhar mass; then, when the accretion ceases, it has to lose angular momentum before reaching the point of explosion. During this last time interval, the companion might have evolved past the AGB stage and become a cool WD. The time scale for spin down is hard to be determined theoretically, but Meng & Podsiadlowski (2013) empirically obtain an upper limit of a few 10 7 yr, for progenitor systems that contain a RG donor and for which circumstellar material has been detected. We must note, however, that the spin-up, spin-down model should mostly produce superChandrasekhar explosions, since there is nothing there to tell the system to stop mass transfer just when the WD has reached that mass. In the case of Kepler's SN, reconstruction of its light curve (Ruiz-Lapuente 2017) clearly indicates that the SN was in no way overluminous. From all the preceding, we can exclude MS, subgiants, giants, and up to certain extend stars below the solar luminosity. As an interesting point, no one has yet attempted to calculate how much and for how long the impact of the SN Ia ejecta would affect the luminosity of a WD companion in the spin-up, spin-down case. One can not just assume that the WD would be cold and dim and remain so after the explosion. This has not been proved by any hydrodynamic simulation. It has only been done for closer pairs of WDs, as mentioned above. The typical separation between the two WDs, at the time of the explosion, should be larger that in the cases considered by Pan, Ricker & Taam (2014) and Shen & Schwab (2017) , so less radioactive material would be captured and the runaway velocities would also be smaller, but the narrowing of the orbit by the emission of gravitational waves during the cooling stage of the companion WD might not be negligible, and the loss of angular momentum by the system during a likely common-envelope episode preceding the formation of the detached WD-WD system would also have considerably narrowed, previously, the separation between the two objects. We encourage to do these hydrodynamical calculations.
CONCLUSIONS
We present a study that includes the first detailed stellar parameters: Teff, , log g, v rot ; as well as accurate radial velocities of the stars, and proper motions, using the HST, of possible companions of Kepler's SN within 20 % of the remnant center. This last part of the research is very important, since one does not know whether the peculiar velocities expected for the surviving companion will mostly be along the line of sight or perpendicular to it. No attempt to measure the proper motions of the stars in the core of Kepler's SNR had ever been made before. We have determined luminosities and distances to the candidate companions of Kepler's SN. Any companion would have luminosities above two times the solar luminosity which is the lowest luminosity of our sample. The radius of our search is 24 arcsecs, that is 20% of the average radius of the SNR. Our stars correspond to stellar parameters and velocities consistent with being from a mixture of stellar populations in the direction of the Kepler SNR. From our study, we conclude that the single-degenerate scenario is disfavored in the case of Kepler's supernova. The idea that Kepler's SN could come from the merging of two stars within a common envelope seems plausible. It would explain why the SN is surrounded by a large circumstellar medium (CSM). The idea of the core-degenerate scenario (Kashi & Soker 2011) , that an already existing WD and a degenerate RG core merge inside an AGB envelope, appears very likely in this case. This analysis makes relevant intensive studies to detect surviving companions in very nearby SNeIa remnants. There are many good cases for study in our Galaxy and in the nearby ones. There are cases in our Galaxy far away enough so that Gaia can not make proper motion estimates, the stars being too dim. The HST plays a key role here. In addition, telescope time in 10m-class telescopes and in the coming generation of large telescopes with high resolution spectrographs is the key to determine the nature of the surviving companions of Type Ia SNe. As mentioned in the discussion, more hydrodynamical simulations are needed to compare predictions with observational results.
